Chlamydiae are obligate intracellular pathogens that proliferate only inside a vacuole, called an inclusion. Chlamydial Inc proteins are known to be a major component of the inclusion membrane, but little is known about the gene number and function. The Inc proteins share very low sequence similarity but a similar hydropathy profile among them. Using the hydropathy profile, we computationally searched the open reading frames (ORFs) having a similar profile and predicted 90 and 36 ORFs (Inc-like ORFs) as candidates for Inc proteins in Chlamydia pneumoniae J138 and Chlamydia trachomatis serovar D, respectively. On the other hand, only a few Inc-like ORFs were found in organisms other than chlamydiae, suggesting that the Inc-like ORFs are specific to chlamydiae. Comparative genome analysis also revealed that the Inc-like ORFs have multiplied and diverged as paralogues and orthologues in the chlamydial genomes, and that some Inc-like ORFs lacked the N-terminal portion or encoded the split form. The data suggest that these gene products constitute a large protein family and may play an important role in chlamydial infection, growth and survival in the host cell.
Chlamydiae are obligate intracellular pathogens that proliferate only inside mammalian host cells. Chlamydial biology is poorly understood because of difficulty growing the organisms in appropriate conditions and because current genetic techniques are inadequate to analyze them. Chlamydia pneumoniae and Chlamydia trachomatis are both human pathogens but differ in their tissue tropism and disease spectrum. Similar to some other intracellular pathogens, chlamydiae replicate in a vacuole termed an "inclusion" in the infected host cells. A key feature of chlamydial pathogenesis is the ability to prevent fusion between the inclusion membrane and the cellular lysosomal compartments. In the inclusion membrane of chlamydiae-infected cells, no protein of host origin has been identified, but at least 13 distinct chlamydial proteins termed Inc proteins have been characterized in several species such as C. trachomatis serovar L2, 1-3 C. pneumoniae strain TW183 3 and Chlamydia psittaci. 4, 5 The hydrophilic do- mains of Inc proteins are exposed at the cytoplasmic face of the inclusion and are phosphorylated by host cell kinases, [6] [7] [8] suggesting that Inc proteins are likely to be a mediator of the host-chlamydiae interaction.
The 13 Inc proteins do not share a primary protein sequence similarity with each other or with any genes in public databases. [1] [2] [3] [4] [5] The function of Inc proteins therefore remains unknown. However, as reported in several intracellular parasites, 9 most of the surface proteins associated with host components constitute a paralogous family with sequence diversity. This observation suggests that Inc proteins may also comprise a large protein family in chlamydiae. Recently, Bannantine et al. reported that the bi-lobed hydrophobic domain consisting of approximately 60 amino acids is conserved among Inc proteins irrespective of sequence diversity. 3 This fact prompted us to identify proteins structurally similar to Inc proteins using the hydropathy profile. The genome sequences of three strains of C. pneumoniae (strain J138, 10 CWL029, 11 and AR39 12 ) and of C. trachomatis serovar D 13 were published and those genomes consist of a 1.0-to 1.2-megabase (mb) chromosome with 894-1110 ORFs. Using these sequence data, it is valuable to perform genome-wide search of Inc proteins in the chlamydial genomes to understand the function of Inclusion Membrane Proteins in Chlamydial Genomes [Vol. 10, inclusion of chlamydiae. We herein describe the computational analysis of ORFs having a hydropathy profile similar to that of Inc protein in the chlamydial genomes.
Computational Identification of Inc-like ORFs in Chlamydial Genomes
Based on the information of the 13 Inc proteins experimentally characterized, we first determined the hydropathy profile of each Inc protein. We found that the Inc proteins had similar hydropathy profiles with some variations and were classified into three types based on the number and the location of the bi-lobed hydrophobic domain along the ORF (Fig. 1) . In the type I profile, the bi-lobed hydrophobic domain is located at the N-terminal region of the ORF, while the domain is at the C-terminal region in the type II profile. As can be seen in Fig. 1 , the type I Inc proteins contained the bi-lobed hydrophobic domain at the N-termini but showed various sizes of the C-terminal hydrophilic domain, ranging from 4 to 290 amino acids. The type III profile contains multiple bi-lobed hydrophobic domains in the ORF and appears to be a duplicated form of the type I Inc protein. For screening of ORFs having similar hydropathy profile to that of Inc proteins, we defined and used following criteria: (1) the bi-lobed hydrophobic domain of 55-65 amino acids is located either 20-100 residues downstream from the N-terminus or 100 residues upstream from C-terminus; (2) no other hydrophobic domain (more than 20 amino acids) except the bi-lobed hydrophobic domain is contained in the ORF; (3) the N-terminal portion consisted of at least 20 residues between the N-terminus and the bi-lobed hydrophobic domain; and (4) the N-terminal portion contains no hydrophobic domain and no classical secretion signal.
To evaluate our method, we first screened all the ORFs of C. trachomatis serovar D in which no Inc protein has been identified so far. The screening was performed using a script written in Perl language for each type of Inc protein (I, II, and III). The ORFs with the hydropathy profile that fulfilled all of the above four criteria were extracted as positive ORFs. The PSORT server was used to detect the presence of a classical signal sequence.
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The screening predicted 36 ORFs having hydropathy profiles similar to those of the Inc proteins. These ORFs were defined as Inc-like ORFs. The results are summarized in Table 1 . 15 for the C. trachomatis genome using the known 13 Inc proteins only found 10 of the ORFs mentioned above. These results suggest the difficulty identifying all Inc-like proteins by sequence homology alone, and the present method may be useful screening candidate Inc proteins from the genome sequence. However, we do not exclude the possibility that Inc or Inc-like proteins exist which have no similarity to the hydropathy profile used in this study.
Likewise, we screened all the ORFs of C. pneumoniae strains J138, CWL029, and AR39 under the same conditions and found 67-69 Inc-like ORFs in these genomes. A type I Inc-like ORF (Cpj186) in J138 shared sequence similarity with IncA in C. pneumoniae strain TW183, 3 
C. trachomatis serovar L2
1 and C. psittaci. 4 Two type II Inc-like ORFs (Cpj291 and Cpj292) showed sequence similarity with IncB and IncC in C. psittaci, 5 respectively. The BLAST search for the J138 genome using the known 13 Inc proteins only found these 3 ORFs as candidate Inc proteins. However, further BLAST search using detected Inc-like ORFs found an additional 14-17 ORFs homologous to the Inc-like ORFs in the C. pneumoniae genomes. These ORFs were undetectable in the screening using the hydropathy profile because those lacked the bi-lobed hydrophobic domain and contained only the C-terminal region of the Inc-like ORF type I. The structural comparison between Inc-like ORFs found several variant types of Inc-like ORFs in C. pneumoniae strains. As shown in Fig. 2 , Cpn10.1 in CWL029 completely lacked the bi-lobed hydrophobic domain, but was partially homologous to Cpj10 in J138. The Cpn10 in CWL029 contained the bi-lobed hydrophobic domain, but lacked about 20 residues from the N-terminus (N-terminal portion). Therefore, Cpn10.1 was defined as a split type (Inc-split ORF) of Inc-like ORFs and Cpn10 was defined as a deletion type (Inc-del ORF). In another case, the Cp764 in AR39 lacked the N-terminal portion and was defined as Inc-del ORF as well. Sequence alignment of the orthologous Inc-like ORFs revealed that Cpn10.1 (Inc-split ORF) may be generated by the deletion of one base in Cpj10 (Inc-like type I). Cpn46 and Cp796 (Inc-split ORFs) may be generated by deletion of 10 bases in Cpj45 (Inc-del ORF) and 16 bases in Cpn1054 (Inc-like type I), respectively. Cpn129 (Inc-split ORF) may be generated by a nonsense mutation in Cpj130 (Inc-like type I). In total, we found 90-93 Inc-like ORFs including Inc-del and Inc-split ORFs in C. pneumoniae (Table 1) .
Some Inc-del ORFs contained the poly-cytosine stretches in the upstream region (see Table 2 ), so that the Inc-del ORFs may encode proteins that were generated by a slipped-strand mechanism 16 altering the initiation point of the translation. We do not know whether the proteins encoded by the Inc-del ORFs lacking the N-terminal portion have functions similar to Inc The horizontal axis represents the sequence of Inc protein and its total number of amino acids is given on the right. Thick lines on the horizontal axis indicate the bi-lobed hydrophobic domain. The consecutive sequence (> 55 residues and total score > 90) scored over the threshold of the hydrophobicity (score > 0) was defined as the bi-lobed hydrophobic domain. The dotted line indicates the position of 100 residues downstream from the N-terminus. Type I: the bi-lobed hydrophobic domain is located to 20-100 residues from the N-terminus. Type II: the bi-lobed hydrophobic domain is located to 100 residues upstream from C-terminus. Type III: multiple bi-lobed hydrophobic domains are contained. or Inc-like proteins. Each Inc-split ORF was shown to encode a protein of significant size but may not encode the active form of the Inc protein because the ORF lacked the bi-lobed hydrophobic domain. We found 6 Inc-del ORFs and 15 Inc-split ORFs in J138, and 2 Inc-del ORFs and no Inc-split ORFs in C. trachomatis (Tables 1 and 2 ).
All Inc-like ORFs (except ORFs homologous to known Inc proteins) identified in the two chlamydial species (C. pneumoniae J138 and C. trachomatis serovar D) have been hypothetical proteins without the functional annotation. To know whether the proteins or ORFs having a hydropathy profile similar to that of Inc proteins are present in the genome of organisms other than chlamydiae, we also screened all ORFs in the organisms of which the complete genome sequences are available (48 eubacterium, 16 archaebacterium, and 6 eukaryotes). We found only 0-8 ORFs with similar hydropathy profiles in each genome and most of them were hypothetical proteins (Table 3 ). This result suggested that the hydropathy profile of Inc proteins is characteristic in chlamydiae and the number of Inc-like ORFs is abundant in only chlamydiae. The data could be also useful to investigate the function of these hypothetical ORFs having a hydropathy profile similar to the Inc proteins.
Sequence Diversity of Inc-like ORFs in Chlamydial Genomes
We analyzed the structural features and sequence diversity of the Inc-like ORFs detected in this study. Comparison of the syntenic regions between C. pneumoniae J138 and C. trachomatis serovar D revealed the presence of 801 orthologous pairs of ORFs including 14 pairs of the Inc-like ORFs. To search sequence similarity between orthologues in the chlamydial genomes, BLASTP bit scores of the 801 pairs of orthologues in the syntenic regions were analyzed (Fig. 3) . As shown in Fig. 3 , longer ORFs tended to show higher BLASTP bit scores because the bit scores depend on the length of the matched sequence. In contrast, the scores of 13 Inc-like ORF pairs except one pair (CPj602-CT484) were significantly low and showed no correlation with the length of the ORFs. BLASTP bit scores of non-orthologous Inc-like ORF pairs were significantly low as well. These results revealed less sequence conservation between the Inc-like ORF pairs in the chlamydial genomes. In some of the Inc-like ORF pairs, the sequence similarity was found only in the bi-lobed hydrophobic domain. Analysis of the complete genome sequences showed that horizontal transfer is far less frequent in obligate intracellular parasites than in free-living organisms. 17 To acquire additional functions, chlamydiae may need to rely on the internal mechanisms such as amplification of existing genes. Unlike symbiotic bacteria, parasitic bacteria require gene sets that allow the high-frequent changing of their cell surface structures to elude the host defense mechanisms.
18 Therefore, the sequence diversity in the C-terminal hydrophilic domain exposed at the cytoplasmic face 6-8 could contribute to variations in the surface properties of the inclusion membrane.
In the C. trachomatis serovar D genome, there was little sequence similarity between the Inc-like ORFs even in the clustered region (CT115-119). In contrast, in the C. pneumoniae J138 genome, there was inter-as well as intra-cluster sequence similarity in the clustered regions of the Inc-like ORFs such as Cpj7-12, Cpj41-45, Cpj124-126, Cpj211-216, and Cpj1054-1056. These results suggested that most of Inc-like ORFs were more re- I  232 115 II  130 165  I  431 111  I  431 111  I  322 111  I  233 178 II  131 344  I  131 344  I  641 346  I  432 101  I  432 101  I  321 101  I  249 116 I  132 325  I  132 325  I  640 325  I  439 175  I  439 175  I  314 175  I  288 563 III  146 161  I  146 161  I  627 161  I  440 212  I  440 212  I  313 212  I  300 115 I  147 149  I  147 149  I  626 149  I  474 589 III  474 589 III  280 589 III  345 121 I  150 1537 III  150 1537 III  623 1537 III  480 218  I  480 218  I  274 218  I  357 110 I  164 167  I  164 167  I  607 185  I  481 536  I  481 536  I  358 178 I  165 195 s  165 195 s  606 195 s  517 279  I  517 279  I  236 279  I  365 575 III  166 111  I  166 111  I  605 111  I  523 110  I  523 110  I  230 110  I  383 243 I  168 75  s  168 75  s  603 75  s  524 359  I  524 359  I  229 359  I  440 112 I  169 264  I  169 264  I  602 264  I  554  96  I  554  96  I  198  96  I  449 110 I  174 156  I  174 156  I  595 156  I  565 366  I  565 366  I  185 366  I  483 121 I  186 390  I  186 390  I  581 390  I  585 651  I  585 651  I  163 651  I  484 332 I  211 98  I  211 98  I  554 98  I  601 106  I  601 106  I  146 106  I  813 264 I  212 393  I  212 393  I  553 393  I  602 334  I  602 334  I  145 cently duplicated and dispersed in C. pneumoniae than in C. trachomatis. Relatively low sequence similarity between Inc-like ORFs in C. trachomatis serovar D may be a reason why no Inc-split ORF was found in this chlamydiae. Therefore, at this point we do not exclude the possibility of the presence of highly diverged Inc-split ORFs in C. trachomatis serovar D. The number of Inc-like ORFs differs significantly between C. pneumoniae strains and C. trachomatis (see Table 1 ). Figure 4 shows a typical example for the region where Inc-like ORFs are multiplied in C. pneumoniae J138 together with the syntenic region in C. trachomatis serovar D, and suggests that the multiplication of Inc-like ORFs has randomly occurred in the genome. The C. pneumoniae J138 genome contained an additional 165-kb coding region compared to the C. trachomatis serovar D genome. The total length of the Inc-like ORFs in the C. pneumoniae J138 genome (82 kb) is 55 kb longer than that of the C. trachomatis serovar D genome (27 kb). The additional length of the Inc-like ORFs (55 kb) in J138 corresponds to 33% of the 165-kb additional region. Thus, the relative large genome size of C. pneumoniae may be accounted for in part by the high-frequent multiplication of Inc-like ORFs in C. pneumoniae or by frequent deletion of the genome in C. trachomatis. C. pneumoniae and C. trachomatis have the different tissue tropism for the infection and proliferation. This suggests the involvement of different types or magnitudes of reactions in the defense mechanisms for these chlamydiae and may also account for the difference on the number of Inc-like ORFs between these chlamydiae. Chlamydiae lack many genes responsible for the biosynthesis of molecules that can be compensated for by the host-dependent parasitic lifestyle. 19 On the other hand, multiplication (or duplication) of the Inc-like ORFs may represent a sophisticated and intrinsic strategy in chlamydiae to express a large repertoire of Inc with diverse amino acid sequences for eluding the host immune system to maintain the infection.
6-8 The numerous Inc-like ORFs identified in this study will be of great use for the analysis of the chlamydial inclusion that may be important to the infection, growth and survival in the host cell. Also, the present method based on the hydropathy profile will be applicable to clustering of the ORFs encoding the hypothetical protein and provide us a clue to explore their function.
Note Added in Proof
Recently, Rocha et al. reported that seven ORFs containing the poly-cytosine stretches are a new family of highly variable membrane proteins in C. pneumoniae. 21 In our paper, those seven ORFs were detected as Inc-like type I, Inc-del and Inc-split ORFs (see Table 2 ). 
